1. Introduction {#sec1-cells-09-01850}
===============

Bladder cancer (BC) is estimated to be the tenth most frequent cancer worldwide, being more common in men, in which it is the sixth most frequent cancer and the ninth cause of death due to cancer \[[@B1-cells-09-01850]\]. At diagnosis, approximately 75% of patients display a non-muscle-invasive BC (NMIBC), whereas 25% are diagnosed with muscle-invasive BC (MIBC) \[[@B2-cells-09-01850]\]. These differences have important implications regarding the treatment and clinical outcome \[[@B3-cells-09-01850]\]. NMIBC comprises Ta, T1, and carcinoma in situ (CIS), which do not reach the bladder muscle layer and show relatively good outcomes \[[@B4-cells-09-01850]\], being treated by transurethral resection (TUR) \[[@B3-cells-09-01850]\]. Depending on different clinicopathological features, such as number of implants, size, and patient's age, NMBICs are classified as high or low risk. High risk tumor management includes a regimen of local instillation, mainly of Bacillus Calmette Guérin (BCG), after TUR to prevent recurrences and progression. BCG instillations promote local acute inflammation responses and represent the first approved immunotherapy for human cancers \[[@B5-cells-09-01850]\]. Recurrence is extremely frequent in NMIBC (up to 70%), and, in a proportion of cases, tumors progress to MIBC (stage T2 or higher) \[[@B4-cells-09-01850],[@B6-cells-09-01850]\]. This represents a clinical problem demanding systematic follow-up of patients, frequently requiring cystoscopy, with a serious impact on the patient's quality of life and generating important costs to health systems \[[@B7-cells-09-01850]\]. The management of MIBC often requires radical cystectomy and, depending on the clinicopathological characteristics of the neoplasm, platin-based chemotherapy schemes in neoadjuvant or adjuvant settings can be administered \[[@B3-cells-09-01850]\]. MIBC recurrence and progression are also frequent, with survival at metastatic stage below 5% \[[@B6-cells-09-01850]\]. In addition to this poor outcome, a percentage of MIBC patients cannot be treated using standard protocols due to comorbidities or other health problems, regularly related to old age at diagnosis. Currently, patients that are considered to be unfit for such protocols have few therapeutic options. The development of immune checkpoint blockade (ICI) with antibodies inhibiting programmed death 1 (PD-1), programmed death-ligand 1 (PD-L1), or cytotoxic T-lymphocyte antigen 4 (CTLA-4) allowed for a substantial improvement in patient survival with good and sustained responses \[[@B8-cells-09-01850]\]. However, the percentage of patients showing clinical response is still rather limited \[[@B9-cells-09-01850]\]. Hence, a full understanding of the biological mechanisms underlying the development of BC would not only provide novel biomarkers for early detection but also as candidate therapeutic targets, improving patient survival. To gain better knowledge of BC molecular features, different international initiatives and multiple groups generated large amounts of data including different genomic analyses \[[@B10-cells-09-01850],[@B11-cells-09-01850]\]. Such studies revealed the existence of different molecular subtypes and suggested the possibility for designing appropriate subtype-specific therapeutic approaches \[[@B12-cells-09-01850]\].

One of the most prevalent characteristics of BC is the presence of alterations in the cancer cell epigenetic machinery. The genetic and epigenetic landscapes allow for a cell to acquire an identity associated with a specific tissue, establishing proper organismal physiology \[[@B13-cells-09-01850]\], and their disruption represents the basis of multiple disorders \[[@B13-cells-09-01850]\]. Epigenetics comprises the study of heritable alterations that modify gene expression patterns without changing their DNA sequence \[[@B13-cells-09-01850],[@B14-cells-09-01850],[@B15-cells-09-01850]\]. DNA methylation, histone variants, chromatin remodeling, and histone post-translation modifications are the main epigenetic mechanisms with an impact on gene expression ([Figure 1](#cells-09-01850-f001){ref-type="fig"}) \[[@B16-cells-09-01850]\]. Although often considered to be independent, different mechanisms cooperate closely in regulating the epigenome \[[@B17-cells-09-01850]\]. Because the deregulation of such epigenetic mechanisms is implicated in cancer development, in-depth characterization of the cancer epigenome boosted the understanding of tumor initiation and progression \[[@B14-cells-09-01850]\].

Early in their development and progression, several epigenetic mechanisms are disrupted in BC \[[@B18-cells-09-01850]\]. For example, mutations in *EP300* and *CREBBP*, two chromatin-remodeling genes, led to the inactivation of the complex's histone-acetyltransferase domain, resulting in changes in chromatin conformation. Furthermore, a gene expression signature allied with the loss of histone acetyltransferase activity was associated with more aggressive bladder tumors \[[@B19-cells-09-01850]\]. Interestingly, 89% of MIBC lesions display mutations in the histone-modifying genes \[[@B20-cells-09-01850]\]. Specifically, a high mutation rate was found in *KMT2D* (also known as *MLL2*) gene and in *KDM6A* (also referred as *UTX*), which encode a histone H3 lysine 4 methyltransferase and a histone lysine demethylase, respectively \[[@B21-cells-09-01850],[@B22-cells-09-01850],[@B23-cells-09-01850]\]. The most explored epigenetic mechanism is DNA methylation \[[@B18-cells-09-01850],[@B24-cells-09-01850]\]. By comparing methylation patterns, Wolff et al. found global hypomethylation in NMIBC, whereas hypermethylation patters were more commonly found in invasive tumors, supporting the concept that DNA methylation has an important role in BC development and aggressiveness, constituting a putative target for anti-cancer therapy \[[@B24-cells-09-01850],[@B25-cells-09-01850]\].

The main goal of this review is to summarize the impact of aberrant DNA methylation in BC, focusing on therapeutic strategies that target this epigenetic alteration, based on the information provided by preclinical studies, both in vitro and in vivo, and clinical trials.

2. DNA Methylation {#sec2-cells-09-01850}
==================

DNA methylation is the covalent addition of a methyl group at the 5-position carbon of cytosine in a cytosine--phosphatidyl--guanine (CpG) dinucleotide \[[@B17-cells-09-01850]\]. Methylation occurs mainly at CpG islands---CpG-rich regions (at least 50% of cytosines and guanines) in the genome with a size larger than 200 bp \[[@B26-cells-09-01850],[@B27-cells-09-01850]\]. Moreover, methylation can also be found in repetitive sequences such as retrotransposon elements and centromeres, in the X chromosome (leading to its inactivation) and genomic imprinting \[[@B28-cells-09-01850]\]. Approximately 29,000 CpG islands can be found in the human genome, most commonly in the promoter regions, close to the transcription starting site (TSS) or first exons \[[@B27-cells-09-01850]\]. Remarkably, 75% of cytosines in CpG dinucleotides dispersed throughout the genome are methylated, whereas cytosines of CpG islands located within gene promoters remain mostly hypomethylated \[[@B27-cells-09-01850],[@B29-cells-09-01850]\]. Promoter DNA methylation is classically associated with transcription repression by inducing binding of transcriptional repressors or hampering binding of transcriptional factors \[[@B15-cells-09-01850],[@B17-cells-09-01850]\]. In fact, a family of methyl-CpG-binding proteins (MBPs) intervenes in gene silencing by binding to methylated CpGs and recruiting histone modifier enzymes to establish histone post-translation modifications, which further sustain transcriptional repression \[[@B30-cells-09-01850]\]. DNA methylation can also be found in CpG island shores, 2-kb areas upstream of a CpG island, displaying lower CpG dinucleotide density. CpG island shore methylation is also associated with transcriptional repression \[[@B31-cells-09-01850]\]. On the other hand, methylation in the gene body was shown to stimulate transcription elongation and to have an impact on splicing, with exons disclosing higher methylation levels than introns \[[@B28-cells-09-01850],[@B32-cells-09-01850]\]. Furthermore, tissue-specific methylation seems to be more frequent in intragenic CpG islands \[[@B33-cells-09-01850]\]. CpG islands in enhancers also influence gene regulation, i.e., hypermethylation is associated with loss of enhancer marks resulting in gene silencing \[[@B34-cells-09-01850]\].

DNMTs catalyze the covalent bond between the methyl group donated by *S*-adenosyl methionine (SAM) and the unmethylated CpG dinucleotide at the fifth position of the cytosine by positioning the target base into the catalytic pocket of the enzyme using a base-flipping mechanism \[[@B35-cells-09-01850],[@B36-cells-09-01850],[@B37-cells-09-01850]\]. Five DNA methyltransferases (DNMTs) are encoded by the human genome, including DNMT1, DNMT2, DNMT3a, DNMT3b, and DNMT3L \[[@B37-cells-09-01850],[@B38-cells-09-01850],[@B39-cells-09-01850]\]. Specifically, DNMT3a and DNMT3b catalyze de novo DNA methylation, whereas DNMT1 preferentially maintains methylation patterns already existing by copying methylation patterns in the course of replication during embryonic development \[[@B37-cells-09-01850],[@B38-cells-09-01850],[@B39-cells-09-01850]\]. DNMT2 and DNMT3L do not display DNMT catalytic activity, serving as post-transcriptional gene regulation and cofactors of other DNMTs, respectively. By contrast, ten-eleven translocation (TET) enzymes mediate active DNA demethylation through 5-hydroxymethylcytosine (5hmC) \[[@B40-cells-09-01850],[@B41-cells-09-01850]\], followed by deamination by activation-induced cytidine deaminase (AID), apolipoprotein B mRNA editing enzyme catalytic subunit 1 (APOBEC1) proteins, and base or nucleotide excision repair \[[@B17-cells-09-01850],[@B42-cells-09-01850],[@B43-cells-09-01850]\].

Overall, the cancer epigenome is characterized by global hypomethylation, which contributes to the overexpression of proto-oncogenes, an increased mutation rate, and the loss of imprinting \[[@B44-cells-09-01850]\]. Indeed, a decrease from 80% to 40--60% in the methylation levels from normal to cancer cells was observed \[[@B44-cells-09-01850],[@B45-cells-09-01850]\]. More specifically, genomic repetitive regions become unmethylated, stimulating early cancer events through chromosomal instability that result in increased mutation rates, chromosomal rearrangements, and centromere instability ([Figure 2](#cells-09-01850-f002){ref-type="fig"}) \[[@B46-cells-09-01850],[@B47-cells-09-01850]\]. Simultaneously, the promoter hypermethylation of tumor suppressor genes (TSG) is also a frequent event in cancer cells \[[@B48-cells-09-01850]\], thus contributing to processes such as invasion, metastasis, and angiogenesis \[[@B44-cells-09-01850]\]. Typically, 5--10% of CpG islands at gene promoters are methylated in cancer ([Figure 2](#cells-09-01850-f002){ref-type="fig"}) \[[@B44-cells-09-01850]\].

DNA methylation is a known contributor to BC development \[[@B49-cells-09-01850]\]. Hence, aberrant DNA methylation was proposed as a promising biomarker for BC detection, prognosis, and therapeutic target \[[@B50-cells-09-01850],[@B51-cells-09-01850]\]. For example, a panel comprising *HOXA9*, *PCDH17*, *POU4F2*, and *ONECUT2* methylation detected BC with 90.5% sensitivity and 73.2% specificity in urine samples from Chinese patients presenting hematuria, leading the authors to estimate that about 60% of cystoscopies could be avoided \[[@B52-cells-09-01850]\]. Furthermore, a methylation panel composed of *GDF15*, *TMEFF2*, and *VIM* discriminated BC patients from healthy controls and prostate or renal cancer patients with a sensitivity of 94% and specificity of 90% in urine sediment samples \[[@B53-cells-09-01850]\], whereas the UroMark assay based on 150 CpG loci detected BC in voided urine samples with 98% sensitivity and 97% specificity \[[@B54-cells-09-01850]\]. On the other hand, in an analysis of formalin-fixed paraffin-embedded primary BC tissue samples, methylation of *SFRP5* was associated with recurrence and *CACNA1G* was associated with BC progression \[[@B55-cells-09-01850]\]. Moreover, DNMTs were shown to be overexpressed in BC, representing an attractive target for anti-cancer therapies \[[@B56-cells-09-01850]\].

3. DNMT Inhibitors {#sec3-cells-09-01850}
==================

As previously stated, DNA methylation is a reversible alteration that contributes to BC development and progression, and DNMTs are overexpressed in this tumor type \[[@B49-cells-09-01850],[@B56-cells-09-01850]\]. Thus, DNMTs constitute attractive targets for cancer treatment, and several "epidrugs" are already approved for the treatment of specific conditions \[[@B57-cells-09-01850]\]. Indeed, 5-azacytidine (or azacytidine (5-aza, Vidaza^®^)) and 5-aza-2′-deoxycytidine (or decitabine (DAC, Dacogen^®^)) are two DNMT inhibitors approved by the European Medicines Agency (EMA) and Food and Drug Administration (FDA) for the treatment of acute myeloid leukemia (AML), myelodysplastic syndrome, and chronic myelomonocytic leukemia (CMML) \[[@B30-cells-09-01850],[@B57-cells-09-01850],[@B58-cells-09-01850]\]. DNMT inhibitors can be classified, depending on their mechanism of action, as nucleoside and non-nucleoside analogues \[[@B24-cells-09-01850]\].

3.1. Nucleoside Analogues {#sec3dot1-cells-09-01850}
-------------------------

Nucleoside analogues (or cytidine analogues) are a group of compounds that integrate into DNA instead of cytosine, resulting in the formation of a covalent bond with a DNMT in the carbon-6 position of the cytosine during the synthesis (S) phase of the cell cycle \[[@B57-cells-09-01850],[@B59-cells-09-01850]\] ([Figure 3](#cells-09-01850-f003){ref-type="fig"}; [Figure S1, Supplementary Materials](#app1-cells-09-01850){ref-type="app"}). 5-Aza and DAC are the nucleoside analogues most commonly used as therapeutic agents in cancer \[[@B60-cells-09-01850]\], with DAC having 90% more demethylating power than 5-aza \[[@B61-cells-09-01850]\]. Although their mode of action remains controversial, several mechanisms were proposed \[[@B59-cells-09-01850],[@B62-cells-09-01850],[@B63-cells-09-01850],[@B64-cells-09-01850]\]. After the cellular uptake, mediated by nucleoside transporters, nucleoside analogues are activated through conversion to 5-aza-2′-deoxycytidine-5′-triphosphate, a substrate for the DNA replication machinery, to be incorporated in DNA, replacing cytosine \[[@B59-cells-09-01850]\]. At that point, DNMTs recognize azacytosine--guanine dinucleotides and catalyze the methylation reaction by forming a covalent bond with the cytosine ring \[[@B65-cells-09-01850],[@B66-cells-09-01850]\]. Since azacytosine has a nitrogen substituting the carbon at position 5, the covalent bond cannot be broken, resulting in DNMT inactivation \[[@B59-cells-09-01850]\]. In addition to DNMT degradation, the complex formed between DNA and DNMT prompts DNA damage by causing double-strand breaks, leading to loss of methylation marks \[[@B59-cells-09-01850],[@B67-cells-09-01850]\]. DAC and 5-aza seem to cause different effects in cancer cells. Although they both lead to a depletion of DNMT1 and a decrease in DNA methylation levels in non-small-cell lung cancer cells, 5-aza induces DNA damage, apoptosis, and cell arrest at phase sub-gap 1 (G1), whereas DAC increases the number of cells arrested in gap 2 (G2)/mitosis (M). As a consequence, their effects on gene expression are also different, with 5-aza decreasing the expression of genes related to cell cycle and metabolic processes, while DAC upregulates genes related to cell differentiation \[[@B63-cells-09-01850]\]. Furthermore, response rates to DAC treatment in AML patients with p53 mutations were higher in comparison with patients with wild-type p53, showing that mutations in p53 may play a role in epigenetically mediated cell death after DAC treatment \[[@B62-cells-09-01850],[@B68-cells-09-01850]\]. Remarkably, phosphorylation of DNMT1 by protein kinase δ leads to its faster degradation after treatment with 5-aza or DAC, constituting another possible mechanism via which hypomethylation is achieved \[[@B64-cells-09-01850]\]. However, 5-aza and DAC are characterized by poor bioavailability, since they are easily degraded by hydrolysis in aqueous acidic or basic environments and have a limited half-life \[[@B59-cells-09-01850],[@B69-cells-09-01850]\]. Indeed, both compounds can be deaminated by cytidine deaminase and converted into 5-azauridine, which results in their inactivation \[[@B70-cells-09-01850]\]. Furthermore, DAC is only incorporated into DNA, whereas 5-aza is incorporated into both DNA and RNA \[[@B70-cells-09-01850]\] and, since none of the compounds target specific DNMT isoforms, DAC and 5-aza cause significant side effects \[[@B70-cells-09-01850]\]. Thus, several alternative nucleoside analogues were developed to overcome these limitations.

Zebularine is a cytidine analogue that lacks the amino group at position 4 of the pyrimidine ring. It displays high stability as it inhibits both DNMTs and cytidine deaminase, and it is stable in acidic and neutral pH, enabling oral administration \[[@B71-cells-09-01850]\]. Moreover, zebularine has low cytotoxicity, which might translate into longer treatments with low doses to maintain a demethylated state \[[@B71-cells-09-01850]\], as well as an apparent specificity for cancer cells and not fibroblasts \[[@B72-cells-09-01850],[@B73-cells-09-01850]\]. Zebularine leads to S-phase delay and cell death in mesothelioma cells \[[@B72-cells-09-01850]\], causes formation of replication-dependent double-strand DNA breaks \[[@B74-cells-09-01850]\], and enhances colon cancer cell immunogenicity \[[@B75-cells-09-01850]\]. Nevertheless, high concentrations of zebularine are needed to achieve demethylation levels similar to those of DAC since it forms a reversible complex with DNMTs, with slow dissociation kinetics \[[@B76-cells-09-01850]\], hindering the transition to clinical practice \[[@B57-cells-09-01850],[@B71-cells-09-01850]\]. 5′-Fluoro-2′-deoxycytidine (FdCyd) is a fluoropyrimidine nucleoside analogue with a mechanism of action similar to 5-aza and DAC \[[@B24-cells-09-01850]\]. However, it is more stable and induces less toxicity compared to 5-aza and DAC \[[@B77-cells-09-01850]\]. As these nucleoside analogues are rapidly metabolized, combining them with tetrahydrouridine (THU), a cytidine deaminase inhibitor, was proposed to overcome such limitation \[[@B78-cells-09-01850],[@B79-cells-09-01850],[@B80-cells-09-01850],[@B81-cells-09-01850]\]. Indeed, co-administration of FdCyd and THU induced plasma concentrations of FdCyd in patients similar to those established as needed for inhibiting DNA methylation in vitro \[[@B80-cells-09-01850]\].

SGI-110 or guadecitabine is a second-generation hypomethylating agent containing DAC coupled with a deoxyguanosine---a CpG dinucleotide analogue \[[@B70-cells-09-01850]\]. It is not a substrate for cytidine deaminase, a fact that increases the compound's exposure time without being inactivated \[[@B82-cells-09-01850]\]. Guadecitabine was tested in several clinical trials. Specifically, a combination of guadecitabine and irinotecan was shown to be safe and to possess clinical activity in metastatic colorectal cancer patients in a phase I dose escalation study \[[@B83-cells-09-01850]\]. Likewise, guadecitabine was clinically active in intermediate- and high-risk myelodysplastic syndromes, namely, in patients who did not respond to the currently approved demethylating agents \[[@B84-cells-09-01850]\]. More recently, an oral formulation of 5-aza, CC-486, was developed and tested in several clinical trials \[[@B85-cells-09-01850],[@B86-cells-09-01850],[@B87-cells-09-01850],[@B88-cells-09-01850]\]. Some advantages of the oral route include a more convenient and easier administration to monitor, a high exposure time to the drug, and the elimination of local reactions \[[@B88-cells-09-01850]\]. Although a combination treatment with CC-486 and pembrolizumab was not effective in improving progression-free survival (PFS) in non-small-cell lung cancer patients \[[@B86-cells-09-01850]\], CC-486 as a single treatment showed clinical activity in nasopharyngeal cancer in a phase I clinical trial \[[@B87-cells-09-01850]\]. Furthermore, extending doses of CC-486 in low-risk myelodysplastic syndromes patients might provide an effective long-term treatment \[[@B88-cells-09-01850]\]. RX-3117 (fluorocyclopentenylcytosine) is a novel cytidine analogue with a modified ribose molecule \[[@B89-cells-09-01850]\]. To be incorporated into DNA or RNA, the RX-3117 molecule is firstly activated through transformation into a triphosphate form by uridine--cytidine kinase 2 \[[@B90-cells-09-01850]\]. Although RX-3117 is not a substrate for cytidine deaminase \[[@B89-cells-09-01850]\], other enzymes such as NT5C3 may have a role in breaking an intermediate monophosphate form, resulting in RX-3117 inactivation \[[@B90-cells-09-01850]\]. RX-3117′s anti-tumor effects were evaluated in nine different xenograft mouse models and showed promise for the treatment of tumors that are sensitive and resistant to gemcitabine \[[@B91-cells-09-01850]\].

3.2. Non-Nucleoside Analogues {#sec3dot2-cells-09-01850}
-----------------------------

Although nucleoside analogues are potent inhibitors of DNA methylation, they lack specificity, resulting in important side effects. To overcome this, non-nucleoside molecules were developed in the last few years. Non-nucleoside analogues comprise all DNMT inhibitors whose mechanism is independent of DNA incorporation \[[@B92-cells-09-01850]\], including DNA binders, oligonucleotides, natural compounds, SAM competitors, and repurposed drugs, i.e., drugs that were designed for a specific target and treatment but were found to have a novel therapeutic effect \[[@B92-cells-09-01850],[@B93-cells-09-01850]\] ([Figure 3](#cells-09-01850-f003){ref-type="fig"}; [Figure S1, Supplementary Materials](#app1-cells-09-01850){ref-type="app"}).

Procaine and procainamide, derivatives of 4-aminobenzoic acid, are FDA-approved drugs as anesthetic and anti-arrhythmic, respectively \[[@B94-cells-09-01850],[@B95-cells-09-01850]\]. Both drugs were shown to cause global DNA hypomethylation in MCF7 cells inducing cell growth inhibition \[[@B94-cells-09-01850]\]. Additionally, procaine reduces the activity of DNMT1 and DNMT3a without influencing their expressions \[[@B96-cells-09-01850]\]. By directly binding to DNA, procaine and procainamide hamper DNMTs binding, leading to decreased global DNA methylation levels, although to a lesser extent when compared to DAC \[[@B94-cells-09-01850],[@B96-cells-09-01850]\]. The antibiotic nanaomycin A also induces global hypomethylation and reactivates TSGs such as Ras association domain family 1 isoform A (RASSF1A) \[[@B97-cells-09-01850]\]. Remarkably, nanaomycin A showed specificity for DNMT3b inhibition by interacting with key amino-acid residues of this enzyme \[[@B98-cells-09-01850]\]. Hydralazine is an arterial vasodilator approved for the treatment of severe hypertension and heart failure \[[@B99-cells-09-01850]\]. It causes re-expression of TSGs by reversing promoter hypermethylation, both in cancer cell lines and in primary tumors \[[@B100-cells-09-01850]\]. Hydralazine inhibits DNA methylation, although weakly, by interacting with the DNMT active site \[[@B99-cells-09-01850]\]. Furthermore, hydralazine treatment caused a decrease in cell growth and invasiveness, increased apoptosis, cell-cycle arrest, and lowered DNMT messenger RNA (mRNA) and protein levels \[[@B101-cells-09-01850]\]. On the other hand, the combined treatment with hydralazine and valproic acid also demonstrated anti-metastatic effects, both in vitro and in vivo \[[@B102-cells-09-01850]\], and it showed potential clinical benefit in patients with disease progression under chemotherapy \[[@B103-cells-09-01850]\] including advanced cervical cancer patients \[[@B104-cells-09-01850]\].

Oligodeoxynucleotides that bind a target mRNA by base pair complementarity also show promise as DNMTs inhibitors \[[@B105-cells-09-01850]\]. In particular, MG98 is a second-generation 20-nucleotide antisense oligonucleotide that binds specifically to DNMT1 mRNA, causing a decrease in DNMT levels \[[@B105-cells-09-01850]\]. In an initial phase I clinical trial, MG98 was not well tolerated in high doses, and its anticancer effects were not observed in patients with solid tumors \[[@B106-cells-09-01850]\]. The lack of clinical activity was also observed in patients with high-risk myelodysplasia and acute myeloid leukemia \[[@B107-cells-09-01850]\]. However, in another clinical trial in patients with advanced solid tumors using escalating doses, MG98 was well tolerated and showed early clinical benefit \[[@B108-cells-09-01850]\], similarly to a combination of MG98 and interferon (IFN) α-2β in the treatment of advanced renal cell carcinoma \[[@B109-cells-09-01850]\]. RG108 is a synthetic molecule considered to be a SAM competitor that targets the binding pockets of DNMTs, establishing covalent bonds and leading to inhibition of their enzymatic activity \[[@B110-cells-09-01850]\]. Treatment with RG108 caused inhibition of DNMTs and cell growth, and it increased apoptosis in endometrial and prostate cancer cell lines \[[@B111-cells-09-01850],[@B112-cells-09-01850]\]. SGI-1027 is a quinolone-based molecule which directly binds to the cofactor-binding site of DNMT3a and to both the cofactor- and the substrate-binding sites of DNMT1 \[[@B113-cells-09-01850]\]. Treatment of RKO cells with SGI-1027 resulted in demethylation and re-expression of TSGs including p16, mutL homolog 1(MLH1), and metalloproteinase inhibitor 3 (TIMP3), with no significant toxicity \[[@B114-cells-09-01850]\]. Another quinolone-based molecule, MC3353, caused cell arrest and decreased cell viability in a panel of different cancer cell lines. Furthermore, E-cadherin mRNA and protein levels increased while a reduction of matrix metalloproteinase levels was observed in PC-3 and HCT116 cells, hampering their epithelial-to-mesenchymal transition \[[@B115-cells-09-01850]\].

Several natural compounds were shown to have DNMT inhibitory activity \[[@B24-cells-09-01850]\]. The natural polyphenol epigallocatechin-3-gallate (EGCG), found in green tea, was shown to inhibit DNMT activity by interacting with the enzyme catalytic pocket, reactivating the expression of several TSGs by reversing the hypermethylation status \[[@B116-cells-09-01850],[@B117-cells-09-01850]\]. EGCG also decreased cell viability, migration and invasion of breast cancer cells, and *SCUBE2* methylation by decreasing DNMT expression and activity \[[@B118-cells-09-01850]\]. Genistein is an isoflavone present in soybeans which displays anti-cancer activity \[[@B24-cells-09-01850]\]. In prostate tissue cancer samples, differences in methylation patterns and expressed genes were found comparing patients with genistein supplementation prior to prostatectomy and those receiving placebo \[[@B119-cells-09-01850]\]. After genistein treatment, DNA methylation levels decreased in several promoters of TSGs such as *ATM*, *APC*, *PTEN*, and *SERPINB5*, with a concomitant increase in the mRNA levels of those genes. Genistein interacts with the catalytic domain of DNMT1, competing with hemi-methylated DNA for the catalytic pocket \[[@B120-cells-09-01850]\]. Furthermore, in colon cancer cells, genistein demethylated *WIF1* and decreased invasiveness and migration of cancer cells by reducing expression of matrix metalloproteinases 2 and 9 \[[@B121-cells-09-01850]\]. Curcumin, a polyphenol compound with anti-inflammatory properties, also influences methylation status. In colorectal cancer cells, exposure to curcumin led to demethylation of specific CpG loci without inducing global methylation changes \[[@B122-cells-09-01850]\].

4. DNA Methylation as a Therapeutic Target in BC {#sec4-cells-09-01850}
================================================

4.1. Preclinical Studies {#sec4dot1-cells-09-01850}
------------------------

A summary of the preclinical studies testing DNMT inhibitors in BC is depicted in [Table 1](#cells-09-01850-t001){ref-type="table"}. The effects of 5-aza were evaluated in cell lines in vitro and in a tumor xenograph model. 5-Aza was shown to inhibit cell proliferation and arrest cells at G0/G1, whereas volume and weight of tumor xenografts in mice were reduced. Interestingly, DNMT3a and DNMT3b expressions were also reduced after 5-aza treatment, causing the re-expression of hepaCAM, a TSG \[[@B56-cells-09-01850]\]. DAC treatment also led to an increase in hepaCAM expression in T24 and BIU87 cells, associated with arrest at G0/G1 phase \[[@B123-cells-09-01850]\]. In a canine model of invasive urothelial carcinoma, 5-aza disclosed anti-tumor effects, with 22.2% of the dogs demonstrating partial response and 50% depicting stable disease \[[@B124-cells-09-01850]\].

Non-toxic concentrations of DAC were used to treat four BC cell lines in order to evaluate the impact of hypomethylation in the BC cell transcriptome. Notch receptor 1 (NOTCH1) expression increased after treatment with DAC, in parallel with 50% demethylation of the promoter and enhancer regions. Interestingly, DAC-treated cells displayed morphological changes, i.e., cell enlargement compared to the controls. To explore these effects, the active intracellular domain of NOTCH1, ICN1, was overexpressed in cell lines and a decrease in cell proliferation was observed. Moreover, there was an increase of interleukin (IL)-6, probably due to a rise in ICN1 expression and double-stranded RNA levels \[[@B125-cells-09-01850]\]. ICN1 overexpression also led to a decrease in basal stem-like cells, as assessed by the decreased cytokeratin 5 (CK5) levels, contributing to a more differentiated cell state \[[@B125-cells-09-01850]\], which may prevent BC progression \[[@B126-cells-09-01850]\]. DAC was also shown to inhibit cell proliferation, migration, and invasiveness, inducing apoptosis in T24 cells while increasing the expression of the TSG Maspin \[[@B127-cells-09-01850]\]. Another gene that appears to be regulated by methylation in BC is *BTG2*. After treating EJ cells with DAC, BTG anti-proliferation factor 2 (BTG2) expression increased mainly due to DNMT1 inhibition, and cell growth decreased. Furthermore, H3K9me2 levels decreased, whereas H3K4me3 increased, leading to an open chromatin state in the promoter and intronic region of *BTG2* \[[@B128-cells-09-01850]\]. Apoptotic peptidase activating factor 1 (APAF-1) and death associated protein kinase 1 (DAPK-1) expressions also increased after DAC treatment in both RT4 and T24 cells, whereas zebularine caused an increased expression of those genes in cell line T24, which is p53 mutated \[[@B129-cells-09-01850]\]. Remarkably, Cheng et al. showed that treatment of T24 cells with zebularine for 48 h was not enough to maintain a long-term hypomethylated state and sustained p16 expression, as the percentage of methylation at day 0 was 97% and decreased to 75% at day 3. Inversely, a continuous treatment for 40 days, renewing dosage every three days, repressed cell growth and sustained p16 expression, while DNMT1 recovery was null. However, sequential treatment with DAC and zebularine was the most effective in increasing and retaining p16 expression, maintaining promoter hypomethylation, and hampering re-methylation patterns observed before treatment \[[@B130-cells-09-01850]\]. Therefore, to increase treatment efficacy with this type of drug, a prolonged treatment seems to be pivotal.

The epigenetic regulation of Wnt inhibitory factor 1 (Wif-1), an antagonist of the Wnt pathway, important for carcinogenesis, was explored in four BC cell lines. DAC treatment led to increased Wif-1 mRNA levels with a simultaneous decrease in promoter methylation levels. Furthermore, Wif-1 expression was primarily regulated by DNA methylation and not genetic alterations \[[@B131-cells-09-01850]\]. DAC treatment in T24 cells induced the expression of several genes related to the IFN pathway, which could theoretically lead to inhibition of tumor cell growth \[[@B132-cells-09-01850]\]. Interestingly, Velicescu et al. showed that de novo methylation does not occur in non-dividing BC cells. Treating T24 cells with DAC allows for cell arrest at G0/G1 and determines how much time is necessary for re-methylation to occur. Indeed, no re-methylation was found in CpG islands, whereas various degrees of methylation reappeared in CpG poor regions. Furthermore, DNMT1 and 3b3 protein levels were not detected, whereas DNMT3a mRNA levels were maintained after day 10 of the experiment. This result demonstrates that DNMT3a might catalyze a de novo methylation in CpG poor regions outside the S phase of the cell cycle \[[@B133-cells-09-01850]\]. In another study, the carcinogen *N*-butyl-*N*-(4-hydroxybutyl)nitrosamine) (BBN) was used to induce bladder tumors in mice. These tumors showed downregulation of several genes including GSTM1, which seems to be regulated, in part, by DNA methylation, since treatment with DAC in 5637 cells increased GSTM1 expression \[[@B134-cells-09-01850]\]. Kawakami et al. reported for the first time that *MSH3* epigenetic regulation by means of DNA methylation might contribute to gene silencing, being implicated in BC carcinogenesis \[[@B135-cells-09-01850]\].

Recently, a study comprising a wide range of different cancer cell lines, containing BC, showed that DNMT inhibitors, including DAC and 5-aza, increase methylation levels throughout the cancer epigenome. Specifically, in BC cell lines, DAC treatment increased methylation levels of 616 common CpGs and decreased methylation levels of 590 different CpGs, demonstrating that the DNMT inhibitor mechanism of action is complex and requires further exploration \[[@B136-cells-09-01850]\].

After treatment with S110, global methylation levels decreased, concomitantly with increased p16 expression \[[@B137-cells-09-01850]\]. The effects of S110 in vivo were also assessed in a tumor xenograft mouse model using EJ6 cells. Tumor-free animals tolerated S110 better than DAC, with less weight loss and mortality. S110 failed to cause reduction in tumor sizes, yet their growth rate was lower and p16 expression was induced \[[@B138-cells-09-01850]\]. The development of DAC and 5-aza variants could potentially increase their half-life, improving bioavailability and therapeutic efficacy.

Procainamide and hydralazine inhibitory effects on DNA methylation were studied in T24 cells. Both compounds decreased the methylation levels of TSGs *p16* and *RARβ*, which associated with their re-expression, both at the transcript and at the protein levels. Interestingly, hydralazine treatment maintained p16 reactivation for longer than DAC \[[@B100-cells-09-01850]\]. A novel strategy to inhibit DNMT1, using an essential enzyme for cancer cell viability \[[@B139-cells-09-01850]\] highly expressed in BC \[[@B140-cells-09-01850]\], was proposed using DNAzymes. A DNAzyme is a stable DNA molecule with catalytic activity that targets specific RNA molecules leading to their destruction \[[@B141-cells-09-01850],[@B142-cells-09-01850]\]. The DNAzyme DT433, constructed and selected to target DNMT1, displayed effects that were similar to those of 5-aza. Additionally, DT433 led to an increase in p16 expression and inhibition of cell proliferation \[[@B142-cells-09-01850]\]. Novel strategies applying repurposed drugs or DNAzymes to achieve DNMT inhibition constitute interesting alternatives to the demethylating drugs already approved. On the one hand, DNAzymes showed that increasing specificity toward the target may be achieved, whereas repurposed drugs, with negligible toxicity and known safety profiles, may be administered for longer periods and be considered as the next step for DNA methylation inhibition as anti-cancer therapy.

4.2. Combination Studies {#sec4dot2-cells-09-01850}
------------------------

The anti-tumor effects of 5-aza, trichostatin A (TSA), and FK228 (the latter is a class I histone deacetylase (HDAC) inhibitor) were evaluated individually and in combination in a set of BC cell lines, as well as xenograft and orthotopic mouse models. The combination 5-aza and FK228 was shown to be toxic for 90% of the BC cells, inducing apoptosis and decreasing the G2/M cell population. The same combination in in vivo models led to a decrease in tumor size, mainly due to the effect of FK228 alone \[[@B147-cells-09-01850]\]. Combination treatments using 5-aza and TSA also reduced the cell number and a shift in the expression of proteins that regulate the cell cycle in canine BC cell lines \[[@B148-cells-09-01850]\]. More recently, combination of DAC and entinostat, another HDAC1 inhibitor, was tested in bladder cell lines, including two cisplatin-sensitive (J82 and RT112) and one cisplatin-resistant (J82CisR) cell lines, as well as one urothelial cell line isolate from normal tissue (HBLAK). The combination treatment did not revert cisplatin resistance of J82CisR, although treatment with both drugs promoted cell growth arrest. Additionally, increased apoptosis was observed, related to caspases 3 and 7, prompting cell arrest at G2/M transition. Forkhead box O1 (FoxO1) expression increased after the combination treatment, as well as BIM and p21, along with a decrease in survivin expression \[[@B149-cells-09-01850]\].

Several strategies using epigenetic drugs were devised to overcome chemoresistance and increase therapy success. Ramachandran et al. showed that pre-treatment with 5-aza followed by cisplatin or docetaxel exposure increased cytotoxicity in BC cells. Moreover, in UMUC3 cells that developed resistance to cisplatin or docetaxel in vitro, pre-treatment with 5-aza resulted in 44% and 55% of cytotoxicity in cisplatin- and docetaxel-resistant cells, respectively, in opposition to 2% with no pre-treatment \[[@B150-cells-09-01850]\]. Pre-treatment with DAC also enhanced cytotoxicity of cisplatin and doxorubicin in BC cells. Furthermore, RASSF1A expression was observed concomitantly with activation of the Hippo pathway \[[@B151-cells-09-01850]\]. Interestingly, UMUC14, RT4, 96-1, and 97-1 cell lines displayed low sensitivity to cisplatin, being associated with high *HOXA9* methylation levels. This was also verified in MIBC patients in which high *HOXA9* methylation levels were associated with resistance to chemotherapy. In line with other studies, DAC led to a 4--5-fold decrease in half maximal inhibitory concentration (IC~50~) for cisplatin, vinblastine, doxorubicin, and etoposide in BC cells \[[@B152-cells-09-01850]\]. Wu et al. demonstrated for the first time that DAC treatment reduced the cancer stem-cell population in mice. Specifically, in a BNN-induced mouse model of BC, DAC alone or in combination with cisplatin or gemcitabine led to a decline in the keratin 14 (KRT14)+ cell population, which originates from the bladder urothelium \[[@B153-cells-09-01850]\]. Consistently, the percentage of SRY-box transcription factor 2 (SOX2)+ cell population assumed to be responsible for the spread of the tumor \[[@B154-cells-09-01850]\] was also lower. Curiously, the percentage of such cells increased in mice treated with chemotherapy only \[[@B155-cells-09-01850]\]. These results were replicated in patient sample-derived xenografts, demonstrating that a combination treatment of DAC with chemotherapeutic agents might constitute a valuable option for BC therapy \[[@B155-cells-09-01850]\]. Another study showed that a quadruple combination therapy comprising gemcitabine, cisplatin, DAC, and TSA increased apoptosis via cyclin D1 (CCND1) downregulation, DNA fragmentation, and caspase 3 expression in T24 cells. On the other hand, a cell proliferation reduction and lower BCL2L1 mRNA levels were observed after treatment \[[@B156-cells-09-01850]\].

A novel dual inhibitor, CM-272, targeting G9a, a histone methyltransferase that catalyzes H3K9me2, and DNMTs demonstrated activity against a wide range of cancer cells \[[@B157-cells-09-01850]\]. Specifically, treatment of hematologic malignancies cell lines with concentrations in the nanomolar range led to a global decrease in H3K9me2 and 5-methylcytosine levels, a reduction in cell proliferation, induction of cell-cycle arrest and apoptosis, and a decrease in TSG promoter methylation. Interestingly, CM-272 also induced an IFN-γ type I response and immunogenic cell death. In an in vivo mouse model, CM-272 was safe to administer, with an increased overall survival of the treated mice \[[@B157-cells-09-01850]\]. Furthermore, CM-272 was also active against hepatocellular carcinoma cell lines \[[@B158-cells-09-01850]\]. Recently, the effects of CM-272 were evaluated in in vitro and in vivo models of BC. CM-272 in combination with cisplatin led to inhibition of cell proliferation, which was also verified in a BC xenograft mouse model, leading to a decreased tumor growth, whereas apoptosis and autophagy were increased \[[@B159-cells-09-01850]\]. These effects were also observed in a quadruple-knockout transgenic mouse model of advanced BC. Remarkably, BC cells treated with CM-272 showed upregulation of genes linked to the immune response, including IFN-α and γ, and tumor necrosis factor (TNF)-α, probably through induction of an endogenous retrovirus response \[[@B159-cells-09-01850]\]. Taking into account these results, the combination of CM-272 with anti-PD-L1 in the quadruple-knockout mouse model was explored. A sustained response to the combination treatment was observed, with the number of animals developing tumors or metastases being lower in the combination group when compared with the group treated with anti-PD-L1 monotherapy \[[@B159-cells-09-01850]\]. Remarkably, CM-272 treatment led to an immune reactivation of tumor cells, turning "cold" tumors into "hot" ones \[[@B159-cells-09-01850]\]. A brief overview of the main studies exploring the combination therapies in BC experimental models can be found in [Table 2](#cells-09-01850-t002){ref-type="table"}.

4.3. Clinical Studies {#sec4dot3-cells-09-01850}
---------------------

A non-randomized multicenter phase II study evaluated the effects of FdCyd in THU \[[@B80-cells-09-01850],[@B162-cells-09-01850]\]. The safety, maximum tolerated dose (MTD), pharmacokinetics, and pharmacodynamics of this combination were determined in a previous phase I clinical trial (FyCyd 100 mg/m^2^/day and THU 350 mg/m^2^/day) \[[@B81-cells-09-01850]\]. Patients with metastatic or unresectable breast cancer (*n* = 29), head and neck cancer (*n* = 21), non-small-cell lung cancer (*n* = 25), and urothelial cell carcinoma (*n* = 18) which endured progression after at least one line of standard therapy were included in this study. The combination was well tolerated, and urothelial carcinoma patients showed some clinical responses, with an objective response rate (ORR) of 5.6%, a progression-free survival (PFS) of 3.6 months, and a four-month PFS probability of 42%. Furthermore, increased p16 expression was observed in cytokeratin-positive circulating tumor cells (CTCs) of some patients, although it did not associate with clinical response ([Table 3](#cells-09-01850-t003){ref-type="table"}) \[[@B162-cells-09-01850]\].

The pharmacokinetics, toxicity, and clinical relevance of combining 5-aza and sodium phenylbutyrate, a first-generation HDAC inhibitor, was assessed in 34 patients with refractory solid tumors with no curative options, including two BC patients. Twenty-seven patients were eligible to proceed with treatment in three different regiments. The treatment was well tolerated with the most common toxicity effects including neutropenia, anemia, nausea, vomiting, transaminase elevation, and edema. The results of the study were mostly disappointing, with only one leiomyosarcoma patient displaying stable disease for 4.5 months and the rest disclosing disease progression. Although inhibition of DNMT activity was observed in two patients, this drug combination failed to show clinical benefit ([Table 3](#cells-09-01850-t003){ref-type="table"}) \[[@B163-cells-09-01850]\].

In a phase Ib clinical trial, the effects of CC-486 to potentiate carboplatin or paclitaxel protein-bound particles (ABI-007) in 169 patients with relapsed or refractory solid tumors including BC were evaluated. Two arms were defined: arm A comprising treatment with CC-486 and carboplatin and arm B including combination treatment of CC-486 and ABI-007 \[[@B164-cells-09-01850]\]. Preliminary results showed that CC-486 (200 and 300 mg) was well tolerated, with treatment-emergent adverse events (TEAEs) including anemia and neutropenia in about 50% of the patients in arm A and nausea/vomiting and peripheral neuropathy in patients of arm B. Five patients in arm A showed stable disease whereas three patients displayed partial response, with both combinations disclosing clinical value. Interestingly, peripheral blood mononuclear cells (PBMCs) were found to be hypomethylated. A recommended phase II dose (RP2D) study will comprise an expansion of cohorts and the combinations of 300 mg of CC-486 with carboplatin and 200 mg of CC-486 with ABI-007 \[[@B165-cells-09-01850]\].

Other clinical trials are at this date assessing the clinical benefit of combining immune checkpoint inhibitors with epigenetic drugs. In a recently completed study, the combination of pembrolizumab, epacadostat \[indoleamine 2,3-dioxygenase 1 (IDO1)-selective inhibitor\], and 5-aza was assessed in a phase I and II trial enrolling 70 patients, including urothelial cancer patients \[[@B166-cells-09-01850]\]. Furthermore, in a currently recruiting phase II clinical trial, the biological and clinical efficacy of atezolizumab (which targets PD-L1) in combination with guadecitabine will be evaluated in 53 patients with checkpoint inhibitor-refractory or -resistant urothelial carcinoma ([Table 3](#cells-09-01850-t003){ref-type="table"}) \[[@B167-cells-09-01850]\].

5. Conclusions {#sec5-cells-09-01850}
==============

DNA methylation machinery is a promising target for BC treatment. Among the anti-tumor effects caused by DNMT inhibitors, the most frequently reported are reactivation of TSGs and inhibition of tumor cell growth ([Figure 4](#cells-09-01850-f004){ref-type="fig"}). However, DNMT inhibitors still present several drawbacks that preclude their use for BC treatment, including the reversal of the inhibitory effects after drug withdrawal, short half-life, and significant toxicity. To overcome these, combination therapies comprising DNMT inhibitors, chemotherapeutic agents, and, more recently, immune checkpoint inhibitors might constitute a valid option for BC patients, as demonstrated by the currently ongoing clinical trials. Furthermore, the discovery of novel biomarkers to select patients more likely to respond to those therapies and the evaluation of the long-term effect of this class of compounds are required for the transition into clinical practice.

In conclusion, modulation of the epigenetic landscape of BC tumors constitutes an encouraging alternative to the currently available therapeutic strategies for BC patients, requiring further exploitation in a clinical trial setting, aiming at a future implementation in clinical practice.

The following are available online at <https://www.mdpi.com/2073-4409/9/8/1850/s1>: Figure S1. Chemical structure of nucleoside and non-nucleosides DNMT inhibitors.
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![Main epigenetic mechanisms involved in gene expression regulation. DNA methylation consists of the addition of a methyl group in cytosine present in a cytosine--phosphate--guanine (CpG) dinucleotide. Histone post-translational modifications comprise alterations in histone tails such as methylation, acetylation, phosphorylation, and ubiquitination. Histone variants differ in few amino acids from canonical histones and regulate chromatin remodeling and histone post-translational modifications. Chromatin-remodeling complexes regulate the nucleosome structure by removing, relocating, and shifting histones.](cells-09-01850-g001){#cells-09-01850-f001}

![DNA methylation in normal and cancer cells. In normal cells, most repetitive sequences are methylated, whereas the promoters of tumor suppressor genes (TSG) stay unmethylated, remaining active and leading to gene expression (green check mark). Contrarily, in cancer cells, repetitive sequences become unmethylated and active, contributing to genomic instability, and TSG promoters become methylated, inactivating these genes and promoting cell aggressiveness and escape (red cross mark).](cells-09-01850-g002){#cells-09-01850-f002}

![Mechanisms of action of DNA methyltransferase (DNMT) inhibitors. The nucleoside analogues 5-azacitydine (5-aza), decitabine (DAC), zebularine, 5′-fluoro-2′-deoxycytidine (FdCyd), RX-3117, and guadecitabine are integrated into DNA instead of cytosine. When DNMTs bind, a covalent bond is formed between the DNMT and the cytosine analogue. The non-nucleoside analogues have different mechanism of action to achieve inhibition of DNA methylation. Specifically, procaine and procainamide bind directly to the DNA, impeding DNMT binding. Curcumin, epigallocatechin-3-gallate (EGCG), genistein, hydralazine, MC3353, nanomycin A, RG108, and SG-1027 bind directly to the catalytic pockets of DNMTs, hampering their action. MG98 is an oligodeoxynucleotide that binds to the DNMT1 messenger RNA (mRNA) by base pair complementarity, impeding its translation.](cells-09-01850-g003){#cells-09-01850-f003}

![Summary of the main effects of DNMT inhibitors observed in bladder cancer in vitro and in vivo models, as well as in clinical trials.](cells-09-01850-g004){#cells-09-01850-f004}

cells-09-01850-t001_Table 1

###### 

Summary of pre-clinical studies targeting DNMTs in bladder cancer (BC).

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Drug                           Model                                               Concentration    Treatment Scheme             Effects                                                           Year   Reference
  ------------------------------ --------------------------------------------------- ---------------- ---------------------------- ----------------------------------------------------------------- ------ ----------------------------
  DAC                            T24                                                 1 µM             1 day                        ↑ Gene expression related to IFN pathway                          2002   \[[@B132-cells-09-01850]\]

  DAC                            T24                                                 3 µM             1 day                        No remethylation in CpG islands in the absence of cell division   2002   \[[@B133-cells-09-01850]\]

  Hydralazine and procainamide   T24                                                 10 µM            5 days                       ↓ *p16* and *RARβ* methylation levels\                            2003   \[[@B100-cells-09-01850]\]
                                                                                                                                   ↑ p16 and RARβ expression                                                

  DAC                            TCC and UMUC                                        5 µM             n.a.                         ↑ MSH3 mRNA levels                                                2004   \[[@B135-cells-09-01850]\]

  Zebularine                     T24                                                 100 µM           Every 3 days for 40 days     ↓ Global methylation levels\                                      2004   \[[@B130-cells-09-01850]\]
                                                                                                                                   ↑ p16 expression                                                         

  DAC                            J82C, T24C, TCC, and UMUC                           5 µM             3 days                       ↑ Wif-1 mRNA expression levels                                    2006   \[[@B131-cells-09-01850]\]

  DAC\                           RT4 and T24                                         2 µM\            2 days\                      ↑ Cells doubling time\                                            2006   \[[@B129-cells-09-01850]\]
  Zebularine                                                                         100 µM           Every 3 days for 7 days      ↑ APAF-1 and DAPK-1 expression                                           

  S110                           T24                                                 0.1--10 µM       Every 3 days for 6 days      ↓ Global methylation levels\                                      2007   \[[@B137-cells-09-01850]\]
                                                                                                                                   ↑ p16 expression                                                         

  DAC                            BIU87                                               0.1--5 µM        3 days                       Re-expression of RASSF1A                                          2009   \[[@B143-cells-09-01850]\]

  DAC                            BOY                                                 1 µM             4 days                       ↑ COL1A2 expression                                               2009   \[[@B144-cells-09-01850]\]

  DAC                            BOY, T24, and UMUC                                  10 µM            7 days                       ↑ FHL1 mRNA expression levels                                     2010   \[[@B145-cells-09-01850]\]

  S110                           Mouse tumor xenograft                               10 mg/kg         Daily injection for 6 days   ↓ Tumor growth rate\                                              2010   \[[@B138-cells-09-01850]\]
                                                                                                                                   ↑ p16 expression                                                         

  5-Aza                          Dogs with\                                          0.1--0.3 mg/kg   Two doses schedules:\        22.2% Tumor partial response\                                     2012   \[[@B124-cells-09-01850]\]
                                 naturally occurring invasive urothelial carcinoma                    Everyday days 1 to 5 or\     50% Stable disease\                                                      
                                                                                                      days 1 to 5 and 15 to 19\    22.2% Progressive disease                                                
                                                                                                      Each cycle 28 days                                                                                    

  DAC                            BIU87 and T24                                       0.1--10 µM       3 days                       Cell arrest at G0/G1\                                             2013   \[[@B123-cells-09-01850]\]
                                                                                                                                   ↑ hepaCAM expression                                                     

  DAC                            T24                                                 0.25--2 µM       2 days ^1^                   ↑ Maspin expression levels\                                       2013   \[[@B127-cells-09-01850]\]
                                                                                                                                   ↓ Cell proliferation, migration and invasion                             

  DAC                            5637                                                1--3 µM          6 days                       ↑ GSTM1 expression                                                2014   \[[@B134-cells-09-01850]\]

  DAC                            EJ                                                  1 µM             Every day for 3 days         ↓ Cell tumorigenesis and invasiveness\                            2014   \[[@B128-cells-09-01850]\]
                                                                                                                                   Cell arrest at G2/M\                                                     
                                                                                                                                   ↑ BTG2 expression                                                        

  DNAzyme                        T24                                                 n.a.             n.a.                         ↓ Cell proliferation\                                             2015   \[[@B142-cells-09-01850]\]
                                                                                                                                   ↑ p16 expression                                                         

  5-Aza                          BIU87, EJ, and T24\                                 0.5--7 µM\       1--4 days\                   ↓ Cell proliferation\                                             2016   \[[@B56-cells-09-01850]\]
                                 Mouse tumor xenograft                               n.a.             Every 3 days for 18 days     ↓ Tumor volume and weight                                                

  DAC                            T24 and J82                                         0.3 µM           1 day                        ↓ *RSPH9* methylation levels                                      2016   \[[@B146-cells-09-01850]\]

  DAC                            BLCAb001 (B01), BLCAb002 (B02), HT1376, and T24     0.1--1 µM        Every 2 days for 5 days      ↑ NOTCH1 expression\                                              2017   \[[@B125-cells-09-01850]\]
                                                                                                                                   ↓ CK5 positive cells\                                                    
                                                                                                                                   ↑ IL-6 release                                                           

  DAC                            T24                                                 1 µM             1 day                        ↓ Methylation of 590 CpGs\                                        2019   \[[@B136-cells-09-01850]\]
                                                                                                                                   ↑ Methylation of 616 CpGs                                                
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^1^ For migration and invasiveness assays. Abbreviations: 5-aza---5-azacytidine; APAF-1---apoptotic peptidase activating factor 1; BTG2-BTG anti-proliferation factor 2; CK5---Cytokeratin 5; CpG---Cytosine--phosphatidyl--guanine; COL1A2---collagen type I alpha 2 chain; DAC---decitabine; DAPK-1---death associated protein kinase 1; FHL1---four and a half LIM domains 1; GSTM1---glutathione S-transferase mu 1; IFN---Interferon; IL-6---Interleukin 6; MSH3---mutS homolog 3; n.a.---not available; NOTCH1---Notch receptor 1; RARβ---retinoic acid receptor beta; RASSF1A---Ras association domain family 1 isoform A; ↑---increase, ↓---decrease.

cells-09-01850-t002_Table 2

###### 

Summary of combination studies targeting DNMTs in BC.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Drug                                                      Model                                                      Concentration                                                Treatment Scheme                                                              Effects                                                        Year   Reference
  --------------------------------------------------------- ---------------------------------------------------------- ------------------------------------------------------------ ----------------------------------------------------------------------------- -------------------------------------------------------------- ------ ----------------------------
  5-Aza and FK228                                           253J, T24, TCCSUP, UMUC3, and WH                           5-aza 1--25 µM\                                              3 days                                                                        ↑ Apoptosis\                                                   2007   \[[@B147-cells-09-01850]\]
                                                                                                                       FK228 0.25-5 ng/mL                                                                                                                         ↓ G2/M cell population                                                

  DAC and cisplatin                                         253J, RT112, T24, and TCCSUP                               DAC 0.1--8 µM\                                               3 days                                                                        ↑ Cell arrest at G2/M\                                         2008   \[[@B160-cells-09-01850]\]
                                                                                                                       Cisplatin 0.25--2 µg/mL                                                                                                                    ↓ Proliferative ability\                                              
                                                                                                                                                                                                                                                                  ↑ Apoptosis\                                                          
                                                                                                                                                                                                                                                                  ↑ Susceptibility to cisplatin                                         

  5-Aza, cisplatin, and docetaxel                           T24, TCCSUP, and UMUC3                                     5-Aza 0.6 µM\                                                5-Aza for 72 h followed by cisplatin or docetaxel for 72 h                    ↑ Cell toxicity with combined treatment                        2011   \[[@B150-cells-09-01850]\]
                                                                                                                       Cisplatin 1 µM\                                                                                                                                                                                                  
                                                                                                                       Docetaxel 5 nM                                                                                                                                                                                                   

  5-Aza and TSA                                             K9TCC, K9TCC-PU-Nk, and K9TCC-PU-Sh                        5-Aza 1--50 µM\                                              2 days                                                                        ↑ p16 expression\                                              2013   \[[@B148-cells-09-01850]\]
                                                                                                                       TSA 0.5 µM                                                                                                                                 ↓ Cell number\                                                        
                                                                                                                                                                                                                                                                  ↓ Cyclin D1, p21, pRb, survivin, and PARP expression                  

  DAC, TSA, cisplatin, and gemcitabine                      T24                                                        Gemcitabine 2.5 µM\                                          Gemcitabine and cisplatin for 48 h followed by DAC for 48 h and TSA for 6 h   ↑ Apoptosis\                                                   2014   \[[@B156-cells-09-01850]\]
                                                                                                                       Cisplatin 1.25 µM\                                                                                                                         ↓ Cell proliferation\                                                 
                                                                                                                       DAC 10 µM\                                                                                                                                 ↑ DNA fragmentation\                                                  
                                                                                                                       TSA 300 nM                                                                                                                                 ↑ CASP-3 mRNA levels\                                                 
                                                                                                                                                                                                                                                                  ↑ GSK3β mRNA levels\                                                  
                                                                                                                                                                                                                                                                  ↑ Canonical Wnt pathway\                                              
                                                                                                                                                                                                                                                                  ↓ BCL2L1 mRNA levels                                                  

  DAC, cisplatin, doxorubicin, etoposide, and vinblastine   96-1, 97-1, RT4, and SW1710                                DAC 100 nM\                                                  DAC for 120 h followed by chemotherapeutic drugs for 48 h                     ↓ IC~50~ of chemotherapeutic drugs with combined treatment     2016   \[[@B152-cells-09-01850]\]
                                                                                                                       Cisplatin 0.3--3000 µM\                                                                                                                                                                                          
                                                                                                                       Etoposide, vinblastine, and doxorubicin 0.1--1000 µM                                                                                                                                                             

  DAC, cisplatin, and doxorubicin                           HT1376 and T24                                             DAC 1 and 5 µM\                                              DAC for 72 h followed by cisplatin or doxorubicin for 72 h                    ↑ Cell toxicity\                                               2018   \[[@B151-cells-09-01850]\]
                                                                                                                       Cisplatin and doxorubicin 1--10 µg/mL                                                                                                      ↑ RASSF1A expression\                                                 
                                                                                                                                                                                                                                                                  Hippo pathway activation                                              

  DAC, cisplatin, and gemcitabine                           5637 and SCaBER                                            DAC 100 nM\                                                  Daily for 72 h                                                                ↑ Apoptosis\                                                   2019   \[[@B155-cells-09-01850]\]
                                                                                                                       Cisplatin 100--150 ng/mL\                                                                                                                  ↓ Ratio of CD44v6+ and ALDH+ cells\                                   
                                                                                                                       Gemcitabine 2--150 ng/mL                                                                                                                   ↑ SOCS3 expression                                                    

  BNN-induced mouse model                                   Cisplatin 2.5 mg/kg\                                       Cisplatin weekly for 3 weeks\                                ↓ Number of invasive tumors\                                                                                                                        
                                                            Gemcitabine 120 mg/kg\                                     Gemcitabine weekly for 3 weeks\                              ↓ Cancer cells proliferation\                                                                                                                       
                                                            DAC 0.05--0.2 mg/kg                                        DAC once daily for 5 consecutive days and 3 times per week   ↑ Apoptosis\                                                                                                                                        
                                                                                                                                                                                    ↓ KRT14+ expressing cells\                                                                                                                          
                                                                                                                                                                                    ↓ SOX2+ expression cells\                                                                                                                           
                                                                                                                                                                                    ↓ STAT3 phosphorylation                                                                                                                             

  Patient sample-derived xenografts                                                                                                                                                                                                                                                                                                     

  DAC and cisplatin                                         CR-T24 and T24                                             DAC 2 µM\                                                    DAC for 48 h followed by cisplatin for 24 h                                   ↓ Colonies formation\                                          2019   \[[@B161-cells-09-01850]\]
                                                                                                                       Cisplatin 1 µg/mL                                                                                                                          ↑ Tap73 expression\                                                   
                                                                                                                                                                                                                                                                  ↑ Cisplatin response                                                  

  CM-272 and\                                               Quadruple-knockout transgenic mouse\                       CM-272 5 mg kg^−1^\                                          Treatment of mice started at the time of tumor detection. CM-272\             Extensive immune infiltrations comprising\                     2019   \[[@B159-cells-09-01850]\]
  pembrolizumab                                             model of metastatic BC. Cre-dependent\                     Anti-PD-L1 200 μg per injection                              intraperitoneally 5 days per week.\                                           CD3+, CD8+, and NK cells\                                             
                                                            inactivation of *Pten*, *Trp53*, and *Rb1* specifically\                                                                Anti-PD-L1 once a week for a total of 3 injections.                           Low number of animals showing tumor or metastasis evidence.\          
                                                            in urothelial cells (AdK5Cre) of Rbl1-deficient mice                                                                                                                                                  Prolonged anti-tumor effect without any treatment                     

  DAC and entinostat                                        J82, J82CisR, HBLAK, and RT112                             DAC 0.1 and 1 µM\                                            DAC for 48 h followed by entinostat for 48 h                                  Growth inhibition\                                             2020   \[[@B149-cells-09-01850]\]
                                                                                                                       Entinostat IC~50~ according to cell line                                                                                                   ↑ Apoptosis\                                                          
                                                                                                                                                                                                                                                                  ↑ Cell arrest in G2/M transition\                                     
                                                                                                                                                                                                                                                                  ↑ FoxO1 expression\                                                   
                                                                                                                                                                                                                                                                  ↑ BIM and p21 expression\                                             
                                                                                                                                                                                                                                                                  ↓ Survivin expression                                                 
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: 5-aza---5-azacytidine; CASP-3---caspase 3; DAC---decitabine; FoxO1---forkhead box O1; GSK3β---glycogen synthase kinase 3 beta; KRT14---keratin 14; PARP---poly(ADP-ribose) polymerase; RASSF1A---Ras association domain family 1 isoform A; SOCS3---suppressor of cytokine signaling 3; SOX2---SRY-box transcription factor 2; STAT3---signal transducer and activator of transcription 3; Tap73---tumor protein P73; TSA---trichostatin A. ↑---increase, ↓---decrease.

cells-09-01850-t003_Table 3

###### 

Clinical trials in BC using DNMT inhibitors.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Drug                                                                    Phase (ID)         Status       Enrollment                                                                                                                                                                   Schedule                                                                                                                                                                                                                    Results                                                                                                                                                                                                    Period                     Reference
  ----------------------------------------------------------------------- ------------------ ------------ ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------- ---------------------------------------------------
  5-Aza and sodium phenylbutyrate                                         I\                 Completed    Patients with diagnosis of a refractory solid tumor malignancy with no curative options including BC (*n* = 34)                                                              Regimen A: Low-dose of 5-aza with intermittent phenylbutyrate 400 mg/m^2^/day over 24 h on days 6 and 13.\                                                                                                                  Three doses were well tolerated. Common toxicities included bone marrow suppression-related neutropenia and anemia. One patient showed stable disease; the remaining did not show any clinical response.   2000--2005                 \[[@B163-cells-09-01850]\]
                                                                          (NCT00005639)                                                                                                                                                                                                Regiment B: 5-aza 75 mg/m^2^/day for 7 days, followed by two different doses of phenylbutyrate starting on day 8 and continuing for 7 days. Each cycle lasts 35 days for A and B.\                                                                                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                       Regiment C: 2 different daily doses of 5-AC for 21 days and phenylbutyrate 400 mg/m^2^/day over 24 h once per week. Each cycle lasts 42 days.                                                                                                                                                                                                                                                                                                                     

  DAC                                                                     I\                 Completed    Advanced metastatic solid tumor patients after other standard therapies fail including BC (*n* = 24)                                                                         DAC intravenous (IV) over 30 min on days 1--5 weekly for 4 weeks. Course repeated every 6 weeks in the absence of disease progression or unacceptable toxicity.                                                             Not available                                                                                                                                                                                              2001--2008                 \[[@B168-cells-09-01850]\]
                                                                          (NCT00030615)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  FdCyd and THU                                                           II\                Completed    Metastatic or unresectable solid tumors including urothelial transitional cell carcinoma (*n* = 18), whose disease progressed after at least one line of standard therapy.   FdCyd (100 mg/m^2^/day) by 3 h intravenous infusion and THU (350 mg/m^2^/day) 20% as a bolus, with the remaining co-administered with FdCyd over 3-h infusion on days 1--5 and 8--12 of each 28-day cycle.                  Co-administration with THU was shown to increase the area under the curve of FdCyd more than 4-fold.\                                                                                                      2009--2019                 \[[@B162-cells-09-01850],[@B169-cells-09-01850]\]
                                                                          (NCT00978250)                                                                                                                                                                                                                                                                                                                                                                                                                            Combination was well tolerated.\                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   ORR of 5.6%, PFS of 3.6 months, and 42% of 4-month PFS probability for urothelial cancer patients.                                                                                                                                    

  CC-486, carboplatin, and paclitaxel protein-bound particles (ABI-007)   I\                 Completed    Patients with relapsed or refractory solid tumors including urinary bladder neoplasms (*n* = 169)                                                                            Arm A: CC-486 (doses between 100--300 mg) was administered orally daily either 14 or 21 days. Carboplatin was given by intravenous (IV) infusion once every 21 days\                                                        CC-486 dosed 14/21 days was tolerated as a priming agent with carboplatin and ABI-007. Both combinations show evidence of clinical activity.                                                               2011--2015                 \[[@B164-cells-09-01850],[@B165-cells-09-01850]\]
                                                                          (NCT01478685)                                                                                                                                                                                                Arm B: CC-486 (doses between 100--300 mg) was administered orally daily for either 14 or 21 days\                                                                                                                                                                                                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                       ABI-007 was administered by intravenous (IV) infusion on two of every three weeks\                                                                                                                                                                                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                       Arm C: CC-486 (doses between 100--300 mg) was administered orally daily for either 14 or 21 days.                                                                                                                                                                                                                                                                                                                                                                 

  RX-3317                                                                 I\                 Completed    Patients with advanced or metastatic solid tumors including advanced BC (*n* = 124)                                                                                          A cycle was 4 weeks, with up to 8 cycles. RX-3117 dosing was given 3 times each week for 3 weeks followed by 1 week off treatment. All subjects were followed for at least 30 days after the last dose of RX-3117.          Not available                                                                                                                                                                                              2013--2019                 \[[@B170-cells-09-01850]\]
                                                                          (NCT02030067)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  CC-486                                                                  I\                 Completed    Subjects with hematologic or solid tumor malignancies including BC patients (*n* = 89)                                                                                       Arm 1: Two 150-mg tablets of CC-486 on day 1 and 1 × 300 mg CC-486 on day 2 Arm 2: 1 × 300 mg tablet of CC-486 on day 1 and 2 × 150 mg CC-486 on day 2.                                                                     Not available                                                                                                                                                                                              2014--2018                 \[[@B171-cells-09-01850]\]
                                                                          (NCT02223052)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  SGI-110, gemcitabine, and cisplatin                                     Ib/IIa\            Recruiting   Urothelial BC patients with stages T2-4aN0M0 (*n* = 20)                                                                                                                      Arm 1: SGI-110 days 1--5 at the determined dose, gemcitabine 1000 mg/m^2^ days 8 + 15, cisplatin 70 mg/m^2^ day 8. 3--4 cycles of 21 days each.\                                                                            Not available                                                                                                                                                                                              2015--present              \[[@B172-cells-09-01850]\]
                                                                          (2015-004062-29)                                                                                                                                                                                             Arm 2: Gemcitabine 1000 mg/m^2^ days 8 + 15, cisplatin 70 mg/m^2^ day 8\                                                                                                                                                                                                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                       3--4 cycles of 21 days each for both arms. 3--4 cycles of 21 days each.                                                                                                                                                                                                                                                                                                                                                                                           

  75 approved agents                                                      II\                Completed    Patients with a diagnosis of metastatic, progressive urothelial carcinoma of the bladder, urethra, ureter, or renal pelvis (*n* = 8)                                         COXEN algorithm was used to determine the best therapy from among 75 FDA-approved agents (single agent or combination). Patients had regular visits for blood, urine, and tumor scans.                                      Not available                                                                                                                                                                                              2017--2019                 \[[@B173-cells-09-01850]\]
                                                                          (NCT02788201)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  Azacitidine, pembrolizumab, and epacadostat                             I\                 Completed    Subjects with advanced or metastatic solid tumors including BC patients (*n* = 70)                                                                                           Five doses of azacitidine were administered by subcutaneous injection or intravenously (IV) over days 1 to 7 in cycles 1 through 6.\                                                                                        Not available                                                                                                                                                                                              2017--2020                 \[[@B166-cells-09-01850]\]
                                                                          (NCT02959437)                                                                                                                                                                                                Pembrolizumab was administered in a 30-min IV infusion every 3 weeks on day 1 of each 21-day cycle.\                                                                                                                                                                                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                       Epacadostat tablets were administered orally twice daily.                                                                                                                                                                                                                                                                                                                                                                                                         

  Atezolizumab and guadecitabine                                          II\                Suspended    Recurrent/advanced urothelial carcinoma (stage IV) patients who previously progressed on checkpoint inhibitor therapy with anti- PD-1 or PD-L1 therapy (*n* = 53)            Atezolizumab is administered intravenously on day 1 and day 22 of a 6-week cycle for a period of 8 cycles. Guadecitabine is administered subcutaneously on days 1 through 5 of the 6-week cycle for a period of 4 cycles.   Not available                                                                                                                                                                                              2017--estimated end 2022   \[[@B167-cells-09-01850]\]
                                                                          (NCT03179943)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: 5-aza---5-azacytidine; DAC---decitabine.
